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Abstract. Two dimension (2D) Blume-Emery-Griffiths (BEG) spin-1 model is used to investigate spin-
crossover (SCO) and Prussian Blue Analogs (PBAs) solids. The model considered here allows the system
to switch between two fundamental spin states named high-spin (HS) and low-spin (LS) states subsequent
to the strength of magnetic and elastic interactions which acting on lattice nearest neighbors sites. These
interactions are assumed as temperature-dependent due to the system volume changes accompanying
with the spin transition phenomenon. In addition, SCO molecules are subject to a variable frequency of
magnetic-field lifting the degeneracy in the HS state. A stochastic cooperative dynamics of this BEG-
like Hamiltonian, describing the nonequilibrium properties of ferromagnetic SCO solids, is derived from
the Glauber approach, with appropriate Arrhenius microscopic transition rates. At the vicinity of the
thermal hysteresis loop of the free system (obtained with zero-magnetic field), investigations with variable
oscillation frequency of the magnetic-field, h, demonstrated significant changes on the isothermal relaxation
curves of the magnetization, m, and the high-spin fraction, ngs, which fall down on dynamical equilibrium
characterized by limiting cycles in the spaces m-h and ngs-h. In addition, the clear evidence of dephasing
between the responses of the two order parameters (m and ngs) and the particular “butterfly” shape of
the limiting cycles of the HS fraction, enforces the idea that the non-linear effects, propagating through the
interaction parameters, are operating in this system. These behaviors demonstrate that radio-frequency
magnetic field can be used in these SCO systems to achieve a reversible switch and control of both
magnetization and HS fraction, even if the latter is partial. These results are in direct relation with
the intrinsic static multi-stability of the system under static magnetic-field, which is enhanced/revealed by

applying an oscillating magnetic-field.

1 Introduction

Recently, the family of transition-metal complexes
have continued to attract more attentions of physi-
cists and chemists scientists because of their rich phys-
ical properties [1-5] which open serious potentiali-
ties of their utilization in advanced technologies as
miniaturized devices with fast response in the field
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of the treatment and reversible storage of informa-
tion. Commonly named spin crossover (SCO) mate-
rials, they have 4 ~ T7d-electrons in outer metal-
lic configurations and usually exhibit high-spin (HS)
and low-spin (LS) configurations due to competition
between the Pauli exclusion principle and the crystal-
field energy. Such materials can undergo phase tran-
sitions under various stimuli such as, emitting light,
variations of temperature, pressure, generating mag-
netic and electric fields, etc. [6-12]. In specific condi-
tions, thermally-induced spin transitions in SCO mate-
rials lead to both electronic and structural changes,
often observed as a color and global magnetic changes
[1,13,14]. Then, spin-transition occurs according to the
strength of interactions between SCO units: for weak
interactions, the HS fraction undergoes a smooth and
continuous change when the temperature is increased
whereas, first-order transitions appear [15-17] with
large thermal hysteresis when these interactions become
strong enough. The common example cited in litera-
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ture that exhibits such transition near room tempera-
ture, is that of the [F.(NHatrz)s)](NO3)2, (NHytrz =
4-amino-1, 2, 4-triazole) [18]. Of course, the SCO tran-
sition results from the microscopic changing of unit-cell
volume and bond length that are considerably larger
in the HS state. In addition, beside the larger elec-
tronic degeneracy which emerges, a larger phonon den-
sity of the HS is also obtained [15,16,19]. At the atomic
scale, SCO complexes based on F.(IT) metal center,
exhibit two spin states, a paramagnetic high-spin (HS,
esty,,0 = 2) state, stable at high temperatures and

a diamagnetic low-spin (LS, ejt5,,0 = 0) state, sta-

ble at low temperatures. Then, the SCO phenomenon

appears as resulting from the redistribution of the elec-

trons between the bonding ¢5, and the antibonding e,

orbitals. Indeed, elastic interactions [20-39] are rec-

ognized as a basic ingredient to govern SCO transi-

tions which involve both electronic transformation (spin

and orbital) and structural modifications [35,40-44] as

demonstrated experimentally.

Moreover, SCO phenomena have been described
within Ising-like models where the cooperativity between
Ising spins is included through the exchange interac-
tions [45,46] and accompanied somehow with magnetic-
field to pointing out their physical properties. Being say,
the first proposed a theoretical model by Sasaki and
Kambara [47] with effect of a magnetic field based on
Jahn-Teller interaction is used for prediction in large
fields (20 — 100 T). Successively, with static and pulsed
magnetic field in the range of 30 — 100 T, meaning-
ful results have been obtained with optical reflectivity
detection technique on some molecular complexes as
F.(phen)2(NCS)3, [phen=ortho-phenantroline| [48,49];
Co(Hy(fsa)en)py,, where [Ha(fsa)en) = N,N’-ethylene
bis(3-carboxysalicylaldimine), py=pyridine] [49,50] and
in diluted complexes [Fe,Nij_(btr)2(NCS)3].H2O, btr
= 4/,4'-Bis(1, 2, 4-triazole) [49] or with pulsed mag-
netic field and pressure[51]. For studying the micro-
scopic local structure of [Mn’! (taa)], [Hstaa = tris(1—
(2-azolyl)—2—azabuten-4-yl)amine] [52] in pulsed high
magnetic fields up to 37 T, X-ray absorption near-edge
structure (XANES) spectroscopy is a powerful tool for
this type matter investigations. However, experimen-
tal results are achieved in Ref. [53] at low temperature
during the investigation of the MI![(pyrol)stren] in the
presence of low magnetic-field of the order of 23 T.
The (pyrol)stren is the trianomic Schiff base obtained
from the condensation of pyrolle-2-carboxaldehyde with
2,2/, 2"-tris(ethylamino)amine. Recently, Ogou et al. [54]
have used kinetic spin-1 Blume-Emery-Griffiths (BEG)
hamiltonian in the presence of a time-dependence
magnetic-field to reproduce significant results on SCO
materials. In the presence of time-dependent sinusoidal
field, the model is described in dynamic mean-field the-
ory (DMFT) approach where the obtained results are
compared to those obtained by kinetic Monte-Carlo
(KMC) simulations. Thermal properties and relaxation
of metastable states are studied with the effects of
the magnetic-field energy on the spin transitions. Also,
under a static magnetic-field energy investigations, the
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generated results of the model exhibit isothermal sig-
moidal relaxation and a hysteresis phenomenon of the
HS fraction, as well as multistep behavior of the mag-
netization [55].

In the present investigations, the SCO is described
using the BEG hamiltonian model as in Ref. [54] under
time-dependent magnetic-field energy. SCO units inter-
acted magnetically (in HS states) with temperature-
dependent interactions [54-58] expressed as atom-
phonon coupling. Then, the quadrupolar interaction is
assumed to depend linearly on the absolute tempera-
ture as K = aK gT accounting for spin-phonon interac-
tions. The exchange magnetic interaction J is controlled
by the parameter v where v = J/K. Due to the lat-
tice distortion originated from the spin-transition that
governed by elastic interactions, the lattice structure
changes and affects the bond length between the metal
center (usually in F!! cases) and the ligand atoms. The
effective “ligand-field” energy D depends on the abso-
lute temperature and contains the combined effects of
the ligand-field strength A and that of the degeneracy
ratio g between LS and HS states which results in an
entropic term, stabilizing the HS state at high temper-
ature. Here, the model is solved in the framework of
DMFT approach. The nonequilibrium properties of the
system are described from the obtained motion equa-
tions of the order parameters m = (o) (magnetiza-
tion) and nys = (0?) (HS fraction). These equations
are derived from the Glauber dynamics with suitable
Arrhenius transition rates. With series of magnetic-
field frequencies controlled by the parameter A in the
oscillated component magnetic-field energy, nys and
m show isothermal non-linear and limiting cycles as
function of the field that are in some conditions, like
magnetic hysteresis loop in the equilibrium states.

The paper is organized as follows. Section 2 contains
the presentation of the BEG model, adapted for SCO
systems and the description of the calculation method.
In Sect. 3, we present and discuss the obtained results
and in Sect. 4, we conclude.

2 Hamiltonian model description

SCO materials are described with the adapted spin-1
BEG model as subject to an oscillating magnetic-field
energy and taking into account for magnetic and elas-
tic interactions between SCO units. This Hamiltonian
writes as follows [54]:

H=-J Z oio; — K Z U?O’? -‘y—DZO’? —h(t)Zai,
<ig> <ig> i i
h o o . t(el(i
where o; = 1,0 are the fictitious spin values loca
at site i of the square lattice. The spins values o; = £1
describe the magnetic HS spin state, whereas o; = 0
is associated with the diamagnetic LS state. According
to the 2D character of the system, and to the square
symmetry of the lattice, nearest-neighbor (nn) interac-
tions are considered [54,55]. As in the previous works
[31,32,45,46,54-58], the magnetic interactions between
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the magnetic states, o; = *+1, are taken into account
through the exchange term, J. K (with J/K = 7)
represents the quadrupolar interactions (between nn
SCO sites) are introduced to be linearly dependent on
temperature through, K = akpT where « is param-
eter constant. This last term takes into account for
the phonon contribution which also originates from
the intra-molecular vibrations, lattice distortion and/or
acoustic phonons, which provide the elastic long-range
interactions between the SCO units. D = A—kpT In(g)
[31,32,54-58] is the effective ligand-field strength and
h [54,55] is the energy associated with the application
of an external magnetic-field. In the following, a radio
frequency magnetic-field

h(t) = ho cos(Awot), (2)

where wy is the pulsation, proportional to the oscillation
frequency which is controlled by the parameter A €
[0 — 1] in the temporal oscillations schemes.

2.1 Dynamic Mean-Field Theory (DMFT)
formulation

Accounting for the long-range spin interactions through-
out the lattice configurations, each spin located at site,
1, feels the following one-site Hamiltonian, H; in mean-
field theory:

H;(0) = —2Jmo; — 2Knygso? + Do? — h(t)o;, (3)

where, the order parameters, m =< 0; > and ngg =<
0? >, are considered as invariant by translation over
the lattice.

The energy gain of the evolving system is accounted-
for as mean-field free energy per site given by Refs.
[54,55]:

F(mvnH5'7T):U_TS7 (4)

where U and S are the internal energy and entropy per
site of the system, respectively, given by:

S =kpB < Hi(o;) > +kplny_ e P (6)

gq

where § = m% (T is the absolute temperature, z is the
lattice coordinence (z = 4 for the considered 2D lattice)
and kp is the Boltzmann constant) and < H;(o;) >=
—zJm? — zKn% ¢+ Dnpgs — h(t)m is the average value
of H;(0). After some calculations, the free energy per
site is given by:

F(m,nys,T) = §Jm2 + EK”%S — kpT'ln

1+ 2BEEn5=D) cosh B(zJm + h(t))} NG
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2.2 Dynamic choice and equations of motion

As in Refs. [54,55], the dynamical properties of the
Hamiltonian (1) are investigated in the frame of micro-
scopic master equation which governs the time evolu-
tion of the probability P({o;},t) to occupy the spin con-
figuration {o} at time ¢ [44,54,55,57-60]. The expres-
sion of the flux of probability, w accounts for
stochastic transition from the configuration {c}; =
{o’}; with transition rates W. The suitable Glauber-
type stochastic dynamic is applied to obtain the mean-
field dynamic equations of motion following the master
equation:

OP({o},t al ’
% f— _;Wz(a, — Ui)P({U}i7Ui7t)

where W;(0; — o}) is the transition rate of the ith spin
changing from the value o; to o} with respects to the
specific Arrhenius spin-flip:

1 e—BHi(a7)

Wi(o; — o)) = gm (9)

Here, 7 stands for the Arrhenius time scale and %
denotes the effective intramolecular frequency associ-
ated with the “spontaneous spin reversals”[54,55,57—
60]:

11 sm

(10)
T T0

where 1/7p the “intrinsic” frequency spin-flip process
between HS and LS states, taken as constant and E§ is
the intramolecular vibronic energy barrier, which orig-
inates from the volume change of the molecule subse-
quent to the spin state change between the LS and the
HS states [61].

In equilibrium thermodynamics, the probabilities
satisfy the detailed balance condition:

W(Ui - U:) _ Peq({U}i,Ug,t)
W(o! =05 Pug({otiont)’ (1)

where P.,({c}i,0}) is the Boltzmann probability to
occupy the lattice site ¢ by of. Thus, these transition
rates, W, must fulfill the detailed balance condition and
are expressed by:

Wi(o; — 0;) = Wz‘(al')

2

1 efﬁHi(U;)
" 371+ 2e8Knus=D) cosh B(zJm + h(t))

(12)

The mean value of the two relevant spin operators,
oy and U,% respectively associated to the magnetization
m = (o) and HS fraction, nys = (02), are calculated

@ Springer
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as follows:
m = ZakP({ak},t) and ngg= Za%P({ak},t),
{o} {0}
(13)
and > Wi(o}) = Ly By combining Egs. (8), (12)
Z 3T ’
0LF 0k

and (13), one gets, after some calculations, the time
evolution of the magnetization m and the HS fraction
ngs which are expressed as analytical non-linear cou-
pled differential equations:

Eur. Phys. J. B (2022)95:96

_ 2 cosh(B(zJm+h)) . (15)
nps = e PBzKngg—D) 9 cosh(B(zJm+h))

{ m = ngg tanh (8 (zJm + h))

These equations (Eq. 15) are solved using the Newton—
Raphson method, by setting h = 0, in the interval
10 — 70 K with temperature step AT = 1. K and for
selected values of model parameters. For a = 3 and
v=0 (o« = K/kpT, v = J/K) i.e. without any mag-
netic coupling, Fig.la, b display the thermal behav-
iors of the magnetization m and the HS fraction, nyg.

2sinh 8(zJm+h(t))
e~ B(zKnpgs—D) 12 cosh B(zJm+h(t))

(14)

dm _ e=PES [
dt - 37’0 ( m+
dngs __ efﬁES _
dt - 3710 NHS + e

2 cosh B(zJm+h(t)) )

—B(zKnpgs—D) 19 cosh B(zJm+h(t))

Equation (14) are numerically solved by using fourth
order Adams-Moulton predictor-corrector methods [62—
65].

Here, the magnetic-field energy depends on time as
h(t) = hocos(Awot), where, by setting £ = wot, wp
becomes a simple parameter and we considered & as
the control parameter in time. The dynamical proper-
ties of the system will be analyzed below as a function of
the absolute temperature T" and magnetic-field energy,
h with variables frequencies controlled by the parame-
ter A.

3 Results and discussions

In this section, thermodynamic quantities are presented
for a ferromagnetic SCO system under magnetic-field
energy from the point of view of their non-equilibrium
properties. For simplicity, the individual spin-flip fre-
quency is set to the value % =1 57! and the activation
energy to Ef = 0 K. Qualitatively, similar results can
be reproduced with these parameters different to these
values. Then, the ligand-field energy is set to the value
of A =400 K and the degeneracy ratio value between
LS and HS is represented by g = 100. First, we ana-
lyze the physical properties of the system at thermal
equilibrium in zero magnetic-field energy.

3.1 Equilibrium properties

As in Fig. 1 of Ref. [55], the thermal equilibrium prop-
erties of the system are derived from the analysis of the
stationary states (%—T =0 and 8%—1;3 = 0) where the sys-
tem is time independent. The couple of self-consistent
equations (14) of state of the system are given by change
now to Eq. (15), describing the thermal dependence of
the HS fraction (ngs) and magnetization (m) in the
framework of the Mean-Field Theory (MFT) in the
absence of external magnetic field, although the equa-
tion of states (Egs.15) are given here in the general
case.

@ Springer

The spin transition that appeared on npyg is of first-
order where the obtained thermal hysteresis loop is in
the range of 28 — 47 K. In this domain, three solutions
of spin states are obtained for ngg: stable, metastable
and unstable and beyond that, stable states are got.
For low temperatures, the magnetic system stays dia-
magnetic ((¢) = 0 and (0?) = 0) in the LS state and
becomes paramagnetic ((¢) = 0 and (0?) = 1), at high
temperatures, in the HS state, whereas for enhanced
magnetic coupling as in the case of Fig.1lc, d (v = 2,
a = 1) first-order spin transition occurs with hystere-
sis loop in the temperatures range 30 — 52 K with five
and three solutions of spin states, respectively of m and
nygs which are in nature: stable, metastable and unsta-
ble states again. The magnetization m = 0 is still a
trivial solution at all temperatures (see Eq. (15)) but
new solutions appear in the thermal dependence of ng g
and nonzero solutions exist for m(7T), which shows now
a thermally-induced magnetic first-order transition.

Moreover, we look for adding some of isothermal sta-
tionary properties of the system studied for helping the
reader to understand the multi-spin states transition
that occur belong applying the static magnetic-field
energy. Indeed, the spin-transition occurs in the vicinity
and inside of the thermal hysteresis loops (see Fig. 1) in
the absence/presence of the magnetic interactions (see
Figs.2 and 3 of Ref. [55]). For varying the field between
+200 and —200 K and at fixed temperature (T' = 30, 35
and 50 K), Fig. 2 shows different spin states created by
static magnetic-field in the case of v = 0, whereas mag-
netic properties are depicted in Fig.3 with v # 0 for
T = 30,35 and 40 K. We denote that, the magnetic-field
energy is responsible of the multi-spin transition accom-
panied with magnetic hysteresis-like where appear dif-
ferent states in stable, metastable and unstable domains
according to the temperature values.

3.2 Isothermal relaxation of the system under
oscillating field with A =1

Following the thermal hysteresis of Fig. 1, the effects of
external magnetic-field constraint on SCO compounds
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Fig. 1 Thermal behavior of magnetization m and nggs fraction in the absence of magnetic-field energy (h = 0). First-
order spin-transition is obtained with sigmoidal shapes in their behaviors for selected values of o and ~. Panels a and b are
obtained for & = 3 and v = 0. There, m = 0 whereas HS fraction, ngs raises from LS to HS state through intermediate
states. In Panels ¢ and d, different states are depicted through m and nus behaviors for « = 1 and « = 2. Different color
codes, red, blue and black are used here to identify stable, metastable and unstable states, respectively

have been studied from the theoretical point of view in
Refs. [54,55]. Thus, Fig. 4 summarizes, at fixed temper-
atures and for selected values of model parameters («
and ), magnetization m and ngyg fraction responses
are obtained as function of the variable magnetic-field,
h(t). In the absence of magnetic interactions (y = 0),
corresponding to Fig. 4a—c, starting from the initial con-
ditions (m = 0 and nys = 0), the diamagnetic phases
remain still stable up to T' = 35 K (see panels a and
b) but at high temperatures (panel c), paramagnetic
phases prevail (m ~ 0 and ngs ~ 1). Obviously, these
behaviors are in agreement with different nature phases
obtained in Fig. 1 where the thermal equilibrium prop-
erties of the system are studied in the previous section.
For non-zero magnetic interactions cases (panels d, e
and f), according to the initial value of m and ngg,
diamagnetic phases are the most probables delimiting
a cycle as previously observed in Fig. 4a—c. It is interest-
ing to notice that while the magnetization m oscillation
frequency is exactly of that of the applied magnetic-field
h(t) = ho cos(wot), frequency doubling is obtained as in
Ref. [54] which is attributed to the quadratic nature of
ngs = (02). For T = 40 K, similar trends are obtained
on the evolving time of m and nyg behaviors (Fig. 5).
In this figure, the two thermodynamic quantities, topo-

logically fall down on limiting cycles which appear as
steady phases although the initial value of m is found in
overlay of stable, metastable and unstable state (Panel
a) while that of nyg is a metastable state (Panel b) [55].
When the initial values of the magnetization and the
HS fraction are in metastable and in unstable domains
(resp. m ~ 0 and nyg ~ 0.1) as respectively, in panels
¢ and d, first, the system’s behavior is erratic and takes
a lot of time to reach topological limiting cycle with a
butterfly shape, characteristic of the existence of two
strong attractors. These behaviors are strengthened by
the existence of a dephasing between the magnetic-field
h and the magnetization m (ngg fraction respectively),
causing the delay of the synchronization between them
and which are analysed in the next sections through the
frequency variations of the field energy.

To better understand system’s properties along the
isothermal relaxation, we analyze the temporal behav-
ior of the both order parameters, m and ngg, with
selected values of model parameters throughout the
four Figs. 6, 7, 8 and 9, where m (resp. ngg) is rep-
resented as function of parameter &, for zero-magnetic
field energy in green (resp. red) color and with blue
(resp. black) color in the case for nonzero value of
magnetic-field energy. In the absence of the magnetic-

@ Springer
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Fig. 2 Multi-spin states transition of magnetization m and nggs fraction with varying magnetic-field energy for v = 0
and a = 3. For low temperature, intermediate spin state are got in the absence of magnetic interactions, whereas these are
disappeared at high temperature as described in Ref. [55]. The color code, red, blue and black is used here to identify the

stable, metastable and unstable states, respectively

field (h = 0), before reaching the saturation, the mag-
netization m (resp. HS fraction npyg) relaxes towards
m = 0 in a relatively short time (long time) which is
the intrinsic timescale of the system’s dynamics, which
depends on the values of the intrinsic spin flip fre-

quency Ti and the chosen value of the intramolecu-
0
lar energy barrier, E?, defined in Eq.10. These limit
values are smaller than the one obtained in the pres-
ence of the magnetic-field energy. Here, for more visi-
bility these quantities (for nyg values) are multiplied
by a factor constant to be measurable with those of
the effects of the h-field (see Figs.6, 7 and 8) allow-
ing the system to follow its intrinsic behavior at the
time. Figures6 and 7 are obtained in the absence of
the magnetic interaction (y = 0) with different initial
conditions (m =0, ngs = 0 and m = 0,+1, nys =0
resp.) at fixed temperature of the corresponding equi-
librium thermal hysteresis loop (see Fig. 1, panels a, b).
In Fig. 6, all panels represent isothermal relaxations of
m and ngyg, obtained at T' = 25, 30, 35 and 40 K start-
ing with the initial conditions m = 0 and nyg = O.
It is found that when v = 0, the magnetic system

@ Springer

stays almost in the diamagnetic phase (ngg ~ 0) until
T = 35 K. For higher temperatures (e.g. T = 40 K),
the most probable state is strongly paramagnetic, with
the presence of a weak ferromagnetic component, since
the HS fraction, ngyg, reaches the maximum value 1
and the magnetization values turned around m ~ 0.2.
To get more insights about the oscillations frequencies
and the dephasing ¢ between the HS fraction, ngyg,
the magnetization, m, and the magnetic-field, h, the
temporal oscillations are calculated through dngg(§) =
ngs(€)— < ngs > (§) where the mean value of nyg
between two consecutive times & and &;y1 is defined
as < ngs > (5) = %[nHS(giJrl) —l—?’LHs(fi)}. Through-
out all panels of this figure (Fig. 6a—d), thermodynamic
quantities such as m, magnetization and ngyg, HS frac-
tion are in phase and the phase shift of these in relation

2
to the magnetic-field h is |p| = bl

temperature T. The part of the instantaneous phase

, obtained at any

1
evolves with constant frequency as — (at any temper-
70

ature and for E§ = 0) which is the same for that of m
and h, while that of the HS fraction, nyg [54], is the
double. This allows us to define a constant pulsation
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Fig.1 for @« = 1 and v = 2. Magnetic-hysteresis like with multistep behaviors of magnetization m and nggs fraction are
depicted through all panels at fixed temperature. Here, the color codes have the same meaning as in Fig. 2

wo = 67 rad.s~! (for m and h) such that wymy = 27.
We notice that, as far as A\ = 1 the dephasing and the
frequency are temperature-independent, leading to a

2
unique dephasing value, ¢ ~ g (see Fig. 10) due to the

non-linearities of the relaxation phenomenon at shot
time scale. In contrast, the magnitude of the system’s
magnetization, m, remains always much greater than
that of the HS fraction, nyg, because of its quadratic
character, thus enhancing the weakening of its ampli-
tude in LS phases (< 07 >= nyg < 1). These results
are also obtained while changing either the initial con-
ditions or the values of the different couplings between
the SCO units. Not to overload the figures, these prop-
erties are folded on Fig.8 and not on the set of these
three following figures. In Fig.7, the results are got
with the initial conditions m = 0,4+1 and nygg = 0
at fixed temperature 7' = 30,35 and 40 K. Similar
trends are obtained in the behavior of the fraction, nyg,
compared with those of Fig. 6, whereas, the magnetiza-
tion is decreasing to m ~ 0 which is the equilibrium
state obtained from the initial stage. In the presence

of the magnetic interactions (y # 0), similar trends
are obtained and presented in Figs.8 and 9. However,
according to  values, the stable states are reached in
agreement with their equilibrium values in the corre-
sponding thermal hysteresis loop (see Fig.1, panels c,
d). In Fig.9, from the initial conditions (m = 0,+1,
ngs = 1), the system relaxes back to its equilibrium
state [54]: the LS phases obtained at low temperature.
For high temperatures regions, the saturated values of
m and ngyg are reached where the SCO units, mostly
interacted magnetically. These temperature-dependent
dynamical studies allow us to substantiate the features
of the spin states phases during their relaxation, where
dynamical stable states accompanied with some oscilla-
tions showed by the inset in some figures have emerged,
as already obtained in Ref. [54]. Thus, according to
the temperature values with specific conditions, apply-
ing an oscillating magnetic-field in macroscopic bistable
regions, clearly contributes to reduce the lifetime of
the spin states by switching quickly the SCO system
between the equilibrium phases, as depicted in panels
a—f of Fig. 9. These particular results can be obtained in
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value of model parameters o« = 3 and v = 0 (left panels: a,

b and c¢) with « = 1 and v = 2 (right panels: d, e and f).

Black/red colors are used to identify m/npgs curves, respectively. From initial conditions m = 0 and ngs = 0 (indicated
by arrows), the relaxation proceeds in time and phase synchronized with limiting cycle appears containing steady states at
different temperatures near the thermal hysteresis loop of Fig. 1. In all panels, the temperature values are: T' = 30 K (a)
and (d), T'=35 K (b) and (e), T'=40 K (f) and 7"= 50 K (c)

an another way by turning the magnetic field frequen-
cies as discussed in the next section.

3.3 Effects of magnetic-field frequencies on
isothermal relaxation curves with J = 0

Now, we investigate the effect of the magnetic-field fre-
quency on the behaviour of the order parameters m
and ngg for different values of control parameter, A,
which regulates the value of the oscillation frequency
of the applied field h. In Fig. S1, for @ = 3 and
~v = 0, isothermal relaxation of the system is depicted
for T = 30 K. From the initial values of m and ngg,
on gets limiting cycles whose areas increase with the
field energy frequencies. Then, the both parameter m
and nyg superimposed with the magnetic-field for low
frequencies (with long periods). When the initial val-
ues of nyg fraction and the magnetization m are zero,
the magnetic-field in one period shifts the spin states
such that 0 < ngg < 0.031 and —0.031 < m < +0.031
respectively, (Fig. Sla and Slg), which are decreasing
in magnitude when, A, the control parameter increases
that are observed through all panels. With m = 0, inter-
mediate spin states can appear when the magnetization
m frequency is that of the magnetic-field while the nyg

@ Springer

frequency’s is doubling (see panels a-1). With nonzero
initial conditions (e.g. m = 0.25 and nys = 0.98 for
panels ¢ and i of Fig. S1) and for low A(= 0.05) val-
ues, it is possible to shift the spin states under the
dynamical action of the magnetic-field, h(t), such that
—1 < m < 41 and nygg ~ 1. In this situation, the
magnetic-field clearly switches the SCO system between
the two ferromagnetic states characterized by the mag-
netizations m = 41 and m = —1, while the system
keeps the HS state. From this point of view, the sys-
tem get its equilibrium values and fall down on limiting
cycle as hysteretic-like where different states are switch-
ing up to their saturated values. Obviously, following a
long period, the nyg fraction frequency is the double
of that of the magnetic-field energy (as well as of the
magnetization m) as described in the previous section.
In Fig. S2, the system behavior is analyzed at T' = 40 K
with different initial conditions (m = +1, nyg = 1 for
panels a—d and panels g—j resp. and m = 0, ngg = 1
for panels e-f and for panels k-1 resp.). Similar trends
are observed where the system is stabilized on limit-
ing cycles likely a magnetic hysteresis loop on m curves
for low A(< 1) values as previously observed in Fig. S1
when —1 < m < +1 and nggs ~ 1 (see panels a—f and
g1 resp.). It is worth to mention that the symmetric
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Fig. 5 Isothermal relaxation of magnetization m and nygs fraction under time-dependent magnetic-field energy for selected
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initial conditions (rep. m = 0; ngs = 0 and m = 0; ngs = 0.1 in panels a, b and in panels ¢, d indicated by arrows),
the relaxation proceeds in time and phase synchronized with limiting cycle appears containing steady states at 7' = 40 K
inside the thermal hysteresis loop of Fig. 1. In panel d, nggs fraction appears with erratic behaviors and then fall down on

limiting cycle which appears as metastable states (see text)

(resp. anti-symmetric) character of ngg (resp. m) with
respect to h(A€) is kept in some panels of Figs. S1, S2,
S3, S4, S5 and S6. When the temperature increases,
the stable states are obtained for ngg ~ 1 where ther-
mal spin states have been created (Fig. 1). Applying the
magnetic-field energy at this stage, help to obtain novel
properties of the system although the magnetization is
zero (m = 0) from which steady states appear along
the magnetic hysteresis loop for low frequencies of the
field energy (see Figs. S1, S2 and S3). One can conclude
that, without the exchange magnetic interactions, it is
possible to create intermediate spin states through the
magnetic-field energy for varying their frequencies.

3.4 Magpnetic-field frequencies effects on isothermal
relaxation curves in the presence of magnetic
exchange interactions (J # 0)

Here, we analyze the system behaviors in the presence
of both elastic and magnetic interactions accounting
for spin-phonon interactions. Then, spin states are cre-
ated and magnetic interactions take place in HS phases.
The system configurations are relaxed in time along
the magnetic-field energy with different frequencies val-
ues controlled by the parameter A\ as shown in Fig.
S4. Throughout all panels for this figure, the results
bear some resemblances for that obtained in Fig. S1

excepted for panels (¢) and (i) for each figure (see Figs.
S1 and S4) where the initial values are quite different
(m = 0.25; ngs = 0.98 and m = 0.025; nys = 0.03),
respectively. This can explain by the fact that at low
temperature (T = 30 K), in the presence (y # 0)
or the absence (v = 0) of magnetic interactions, the
most common states probably stable are for m = 0
and ngg = 0 corresponding to the LS states (diamag-
netic phase) where « have not significant effects on the
spin move processes. However, increasing the frequen-
cies values enlarge the domain of limiting cycle always
obtained around m ~ 0 and ngg ~ 0. Then, the magni-
tude of the average spin values ({c) and (0?)) decreases
with the frequencies values (e.g. —0.034 < m < 40.034
and 0 < ngg < 0.034 in panels a and g resp.; —0.025 <
m < 40.025 and 0 < nyg < 0.025 in panels b and
h resp.) for A = 0.01 and A\ = 0.05, respectively. Fur-
thermore, when the initial values of ngg ~ 1 with sig-
nificant value of m, the magnetic field lift the system
degeneracy for crossing magnetic hysteresis cycle likely
(Panels ¢ and i). Figure S5 is obtained at T = 35 K
and for the same model parameters as in Fig. S4. It
is straight forwarded to notice that the initial values of
the magnetization (m) and of the HS fraction (ngg) are
that of the system subject to nonmagnetic field energy
where the spin states are thermally induced (Fig.1).
Once the system is in contact with the magnetic source
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Fig. 6 Time-dependent behavior of magnetization m and ngs fraction in responses by applying magnetic-field energy

Wlth selected values of model parameters o =

3 and v = 0. These results are obtained at fixed temperature: a T =25 K, b

=30K,cT =35K and d T = 40 K. The red/green colors indicated the behavior of ngs (dashed curve)/m (stralght
curve), respectively, in the case of zero-magnetic field energy. Whereas, black and blue colors indicate the behavior of
nps and m, respectively, in the presence of magnetic-field energy (red curve). Comparative results are obtained with the
magnetic-field energy and the ngg oscillations dngs (in black dots). Diamagnetic phases are obtained with some oscillations
at low temperatures whereas at high temperature, paramagnetic phases prevail with saturation value of nygs fraction in the

equilibrium states

energy, the magnetic spin states are created according
to its frequency. One can observe that in panels (a)
and (g) of Fig. S5, from m = 0 and ngg = 0, the sys-
tem can visit new states created by the magnetic-field
where the magnetization and the HS fraction varying
as —1 < m < +1 and 0 < nyg < 1, respectively for
A = 0.01. In panels (b) and (h), A is set to 0.05 and
from the stable states m = 0 and nygs = 0, the sys-
tem evolves up to m = —1 and nyg = 1 which are
metastable states and thermally created in Fig.1. As
the magnetic-field decreased from 150 to —150 K, the
system would have chosen to decrease its magnetization
from 0 to —1 then increases it again to 0 by increasing
the field, while the HS fraction varying between 0 and 1.
The magnetic-field energy oriented the system toward
states of “spin down” (=1 <m < 0and 0 <ngyg <1)
for that spin transition occurs between 0 and —1 (Pan-
els b and h). But the opposite phenomenon occurs when

@ Springer

the relaxation starts from ngygs = 0.5 with m = 0 (pan-
els c and i) and then asymmetric relaxation curves are
obtained, compared with those of Fig. S5b and S5h for
A = 0.05. Indeed, for superimposing the both panels,
respectively obtained on m and ngg curves, symmetric
properties appeared which are already debated in Ref.
[55]. Thus, the magnetization clearly fulfills the rela-
tion m(—h) = —m(h), it is then anti-symmetric while
the HS fraction is clearly symmetric with respect of
the inversion of the field, ngs(—h) = ngyg(h). More-
over, for T' = 40 K in Fig.1, the most stable states
are described by m = +1 and nys = 1 (paramagnetic
phase in HS states) where the free energy is the lower
as possible [55]. In Fig. S6, for low frequencies (e.g.
A = 0.01, panels a and g), new spin states are created
according to the magnetic-field strength where limiting
cycle appear with —1 < m < 1 and 0 < ngg <1
domains although the initial values are m = 0 and



Eur. Phys. J. B (2022)95:96

Page 11 of 15 96

Tr=30’K = T 7 | Mus [ 7 L-I-do T f-Too
m 0=3 1 001 7]
AN 1Ly _
0 > e II T=30K
B 0,003 T —— 10.005 o=3 ]
aAN AN H
R 7ARNAVAVAVAVA i
G s e @7y @
0 25 5 75, 100 0 25 _50 75, 100
Parameter © Parameter &
1 n
] T W[ T T T 1
m T=35 K 1ol " Ll Lo
0.5 oc=g — L/ \
L Y= _ / ]
e P Tss K ]
AR AWAWAWAWAY il : o= |
05 -0.02 U v \/- U \ __ 002 " ’Yzo -
Y A TR T N | T R B
0 25 50 75 100 0 25 50 75 100
| Parameter & Parameter &
m'[ T Ttldk | | nJf T
OSI 1 [/ [1=a0k |
- - — / =
o A AAMAAM AN L[ 625 i
_//\“VVVVVVVVVVVV b\ "0 =0
1
0.5H - r -
TR 2 RN VAR R R
_1 L | | | | 0 | | | |
0 25 _50 75, 100 0 25 50 75 100

Parameter &

Parameter &

Fig. 7 Time-dependent behavior of magnetization m (panels a—c) and nyg fraction (panels d-f) in responses by applying
magnetic-field energy with selected values of model parameters a = 3 and v = 0. These results are also obtained at fixed
temperature: a and d T'=30 K, band e T'= 35 K, c and f T' = 40 K. The different color codes used here have the same
meaning as in Fig. 6 by identifying m and ngs behaviors. Here, the initial conditions are ngs = 0 and m = 0, £1 whereas
in Fig.6, ngs = 0 and m = 0. In the equilibrium states, LS phases are got with some oscillations (shown by the inset
figures) as obtained in Fig. 6 at low temperatures, whereas, in paramagnetic phase, ngs reaches its saturated value at high

temperature

ngs = 0. When the magnetic frequency increases, the
spin state decreases in magnitude as already obtained
in previous figures (see panels a-1 of Figs. S4, S5 and
S6). In the metastable domain (m = 0 and nys = 0),
the magnetic-field can only turn the spins values around
zero (e.g. panels e and k for A = 0.5). From this, it is
possible with the magnetic-field energy to reveal new
spin states which are turned around its initial values
either m = 0,41 and ngg =0, 1.

In addition, the phase shift between m and h is repre-
sented in Fig. 10 as a function of the frequency (through
0 < A <1) of the h-field in LS phases at different tem-
peratures values, selected along the thermal hysteresis
loop in zero-field case (Fig. 1). It is revealed that, what-
ever the absence (panel a) or the presence (panel b) of
the magnetic interaction, this phase shift, denoted here,

¢, is an increasing function of A, which saturates beyond
A =~ 0.6, where ¢ tends asymptotically to the value,

2w
—. As the temperature increases, the phase shift only

slightly decreases, and one may consider this quantity
as being temperature-independent. On the other hand,
the frequency of the HS fraction, ngg is the double of
that of the magnetization m, while it stays in phase
with the magnetization such that by following the fre-

quency, —. As expected, the temporal dephasing 0t (in
i

insert Figure) deduced here, prints a delay in response
to the action of the field energy h, and this quantity
gradually decreases and converges to the same point
whatever the temperature, in line with the behavior of
¢ as function of .
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Fig. 8 Time-dependent behavior of magnetization m and ngg fraction in responses by applying magnetic-field energy
with selected values of model parameters @ = 1 and « = 2. These results are obtained at fixed temperature: a T' = 25 K,
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Fig. 6 by identifying m, nugs, h and dngs behaviors. Similar trends are obtained as in Fig. 6 with same initial conditions

(nas = 0 and m = 0) which are here, almost metastable

To partially summarize, we recall that, the sys-
tem studied here is more sensitive to an applied
radio-frequency magnetic-field, which makes the inves-
tigated SCO phenomenon time-dependent, where sev-
eral timescales may compete. Indeed, in addition to
the timescale imposed by the excitation (the magnetic-
field), the SCO system has its intrinsic timescale for
the evolution of the order parameters (m and ngg)
which relax in the free energy landscape, leading to
non-linear effects. Depending on the oscillation period
of the magnetic-field with respect to the intrinsic relax-
ation times of the order parameters, which also depend
on the initial states (m(t = 0) and ngs(t = 0)),
the SCO system may be insensitive to the magnetic-
field (high frequency case) or may couple dynamically
to the field, generating limit cycles or highly non-
linear behaviours, mostly observed on the HS frac-
tion parameters, through butterfly pictures, recalling
Lorentz attractors observed in chaos. In this case, the
magnetization and the HS fraction responses to the
magnetic-field excitation doe not follow in the adiabatic
way the temporal behavior of h(t). Throughout physi-
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cal thermodynamic quantities, it is possible to amplify
the magnetic order signal according to the low frequen-
cies, either in absence or in the presence of the mag-
netic interaction between the different units of the SCO
molecules. This is due to a technological interest in the
low frequencies introduced, which are therefore better
favoured by ensuring a certain stability of the different
states towards rapid synchronization according to the
system response.

4 Conclusion

Isothermal relaxation of BEG-like Hamiltonian under a
radio-frequency time-dependent magnetic field describ-
ing SCO materials and PBAs is investigated by turning
model parameters, like the frequency and the amplitude
of the applied magnetic-field, as well as the strength of
the elastic interactions between the SCO units. In this
study, we Considered that the nn atoms are coupled via
magnetic and elastic interactions propagated through-
out the lattice configuration which are temperature-
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Fig. 9 Time-dependent behavior of magnetization m (panels a—c) and nyg fraction (panels d—f) in responses by applying
magnetic-field energy with selected values of model parameters o = 1 and v = 2. These results are also obtained at fixed
temperature: a and d 7' = 25 K, b and e T = 30 K, ¢ and f T' = 30.2 K. The different color codes and patterns used
here are the same meaning as in Fig.6 by identifying m, ngs behaviors. The relaxation started from initial conditions
ngs = 1 and m = 0, £1 for reaching the steady states (resp. ngs ~ 0 and m ~ 0) obtained as diamagnetic phases. When
the temperature increases, m and ngs values remain still at 1 with long relaxation time as far as the freely system evolves
whereas, the h-field energy reduces the relaxation time at high temperatures

dependent to account for spin-phonon interactions. The
system is also subject to radio-frequency magnetic-
field with a variable oscillation frequency pushing the
system to a dynamical equilibrium following limiting
cycles in the space m — h and ngg — h with clear evi-
dence of dephasing between the responses diagrams of
the two order parameters, as a result of the system’s
non-linearity’s. The magnitude of the key thermody-
namic parameters (m and ngg fraction) are decreas-
ing function as the frequency increases. As demon-
strated in previous works, LS and HS states are ther-
mally induced and become fundamental states in equi-
librium cases. From the initial conditions, the evolv-
ing equation obtained in the framework of the dynamic

mean-field theory (DMFT) revealed the different states
(phases) through the magnetic-field frequencies and
becomes as the key parameter for reconstitution of
information storage or displays, memories, related to
the multi-stability system as much debated in Ref.
[55]. These spin-transition phenomena are temperature-
dependent and intrinsically related to the magnetic-
field frequency which is exactly the one of the mag-
netization m = (o) and exhibited the frequency dou-
bling of the HS fraction, ngs = (02), where o is the
spin state. Extensions of this work will consider true
elastic interactions between the spin states, instead of
the phenomenological elastic term K with both mag-
netic exchange interaction J and magnetic-field hA(t), in
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Fig. 10 Phase shift between the magnetization m and the
time-dependent magnetic-field energy as function of the
reduced parameter A of the magnetic-field frequency for
selected values of temperature in the corresponding thermal
hysteresis loop of Fig. 1. In the absence (panel a) or in the
presence (panel b) of the magnetic interaction, the dephas-
ing |¢| is an increasing function of X at each temperature.
The insert figure is related to the temporal shift 6¢ which is
a decreasing function with the parameter \. All the curves

2
tend to the same value as far as A ~ 1 where |¢| ~ % (see

text). The other model parameters are written in the Figure

the scheme of an adapted dynamical mean field theory
(MFT).
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